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Abstract
Two different types of colloidal particles were synthesized:
3-(Trimethoxysilyl)propyl methacrylate (TPM) particles with a diameter of
1.00± 0.04 µm and cross-linked polystyrene (PS) particles with a diameter of
1.38± 0.03 µm. These colloids were used to form close-packed colloidal clusters
using a Salting Out-Quenching technique developed by Yake et al. [1] By analysing
optical microscopy images, the cluster size distribution was determined. Finally, the
colloidal clusters were swollen with toluene or monomer to permanently fuse the
colloids together. During the swelling process, the particles folded back into
close-packed structures to minimise the second moment of the mass distribution.
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Chapter1
Introduction
In this study, colloidal particles are used. Col-
loidal particles can have different shapes and
length scales ranging from ∼1 to 1000 nm.
[2] At these length scales, the colloids are in-
fluenced by thermal fluctuations, resulting in
Brownian motion. Also, similar phase be-
haviour as for atoms and molecules is ob-
served. Due to their size, colloids can be easily
observed with optical microscopy, therefore
colloidal systems can be used to study atomic
and molecular behaviour. [3–5] The interac-
tions between colloids in suspension are de-
termined by several forces, including van der
Waals forces, Coulomb forces, entropic forces
and steric forces. [6, 7] Applications include
the formation of colloidal crystals, to study
crystal formation and the resulting structures.
[8, 9] Colloids are also found in a diverse array
of products, such as milk, paints, coatings and
cosmetics. [10] Another application is the for-
mation of anisotropic particles, which can be
used as building blocks to build larger, spe-
cific structures using self-assembly. [11–13]
The goal of this study is to control the in-
teractions between colloids to produce well-
defined clusters of spheres. By using charge-
stabilized colloids, the aggregation of the col-
loids can be controlled by controlling the ionic
strength of the dispersion. The following
questions will be addressed: can we control
the aggregation and as a result, the cluster size
of charge-stabilised colloids? And can we per-
manently fuse these aggregated particles to-
gether and maybe turn them into patchy par-
ticles?
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Chapter2
Theory
2.1 Colloidal systems
Colloids can be synthesised out of various
materials. Since in this study polymer col-
loids are used as basic building blocks, we
will mainly focus on this type of colloidal
particles. Polymer particles can be syn-
thesised using a free radical polymerisation
method. Here, monomers are polymerised
by an initiator and the formed polymer will
form colloidal spheres. In the following sec-
tions, the synthesis of polystyrene and 3-
(Trimethoxysilyl)propyl methacrylate (TPM)
spheres will be described.
2.1.1 Polystyrene spheres
The monomer that is used to make
polystyrene particles is styrene. The free
radical polymerisation reaction of styrene
is illustrated in Figure 2.1.1. When the un-
saturated chemical bond of the vinyl group
is broken by a free radical formed by an
initiator, the monomers can polymerise to
form a chain. As these chains become longer,
they are no longer soluble in the medium.
Therefore, the polymers curl up to form
colloidal spheres that minimise the contact
with the medium, which is illustrated in
Figure 2.1.2.
To increase the size and the strength of the col-
loids, a cross-linked shell of polymer strands
can be formed around these spheres, by using
a second polymerisation step. A detailed de-
scription of this process can be found in sec-
tion 3.2.2.
The polystyrene colloids that were synthe-
sised in this study are charge stabilised. Their
surface can be functionalised with charges in
two ways. The first method involves the ad-
dition of a charged initiator. Alternatively, a
charged surfactant can be adsorbed, which is
typically achieved by a second cross-linking
step.
To add fluorescent properties to the colloids,
a dye can be added either during the cross-
linking phase or after the cross-linking phase
by swelling the colloids in the presence of dye
molecules.
2.1.2 TPM spheres
3-(Trimethoxysilyl)propyl methacrylate
(TPM) is used to make spherical TPM par-
ticles. The synthesis of TPM particles is
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Figure 2.1.1: The free radical polymerisation reaction of styrene monomers to polystyrene
strands. When the unsaturated chemical bond of the vinyl group is broken by a free radical
formed by an initiator, the styrene can polymerise to form polystyrene.
Growing chains
Figure 2.1.2: Illustration showing the formation of colloidal spheres out of polymer chains.
Above a critical polymer chain length, polymer strands are no longer soluble in the medium.
To minimise the polymer surface area that is in contact with the medium, the polymer chains
will form spheres of polymer strands.
polymerising
PVA
Styrene/DVB
Figure 2.1.3: Illustration showing the formation of a cross-linked shell of polymer strands
around linear PS spheres. A detailed description of this process can be found in section 3.2.2.
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Figure 2.1.4: In the presence of water and ammonium hydroxide, an equilibrium is formed
between uncharged TPM and negatively charged TPM. Uncharged TPM is completely hy-
drophobic and TPM− has a hydrophilic and hydrophobic end.
more complex compared to the process used
for polystyrene particles, because there are
two processes involved. First, the pH is
increased, resulting in the hydrolysis of one
of the methoxy groups attached to the silyl
compound in the TPM molecule. This is
illustrated in Figure 2.1.4. An equilibrium
is formed between a charged version of the
TPM, TPM−, and the uncharged version.
In this process, a spontaneous emulsion
is formed of TPM droplets that are self-
stabilised by TPM− molecules (Figure 2.1.5).
Secondly, these droplets can be polymerised
using a free radical polymerisation. Once
polymerised, the charged TPM− molecules
will be located at the surface, resulting in a
negative surface charge. The resulting TPM
colloids are therefore charge stabilised. The
size of the droplets depends on the pH of
the solution and the amount of TPM added.
Increasing the pH of the solution causes the
emulsion droplets to coalesce and this in turn
increases the average particle size. [14] By
controlling these experimental parameters,
colloids with a low polydispersity can be
synthesised.
2.2 Colloids in suspension
Influence of solvability The medium in
which the colloids are dispersed greatly in-
fluences the surface properties of the colloids.
For instance, if polymer colloids are dispersed
in a medium that is a good solvent for the
polymer, the polymer network will loosen up,
because it is energetically more favourable to
be in contact with the solvent. This results
in a less dense structure. This effect can be
observed when polystyrene particles are dis-
persed in toluene. In toluene, these particles
will either be swollen with toluene or com-
pletely dissolve in the toluene, depending on
the strength of the polymer network. On the
other hand, if the polymer particles do not
easily dissolve in the solvent, they will be
slightly compressed.
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Figure 2.1.5: TPM forms self-stabilised emul-
sions in water. A layer of TPM− molecules is
formed around a droplet of uncharged TPM,
thus stabilising the droplet. The colours cor-
respond to Figure 2.1.4. Image by Casper van
der Wel.
Thermodynamic stability When colloids
are dispersed in a medium, the thermody-
namic stability of the system is an important
notion. A (thermodynamically) stable col-
loidal system is a system in which colloids
stay suspended in the medium at equilibrium.
That means no clusters of colloids are formed
(there is no aggregation) and there is no sed-
imentation of particles. There are two main
ways to stabilise colloids against aggregation:
charge stabilisation and steric stabilisation.
2.2.1 Charge stabilisation: DLVO-
theory
Colloids can be stabilised in a suspension
by introducing charges at the particle sur-
face. When charged colloids are dispersed
in a medium, an electric double layer of ions
will form around the particles (Figure 2.2.1).
For instance, if the surface charge is negative,
an immobile layer of positive ions will form
around the colloid. Around this fixed layer,
a second layer of both positive and negative
ions will form. This layer is not fixed and the
ions in this second layer can easily move away
from the colloid.
When two likely charged colloids approach
each other, the minimal separation distance
they can reach is the distance where their elec-
tric double layers start to overlap, because
the double layers repel each other. Therefore,
the colloids cannot form clusters and are sta-
bilised. The interactions between two charged
colloids in suspension can be described by
the DLVO-theory (Derjaguin and Landau [16],
Verwey and Overbeek [7]). Here, the total in-
teraction potential is determined by combin-
ing the effect of the repulsive electric double
layer and the attractive van der Waals force.
For two colloids of radius R at separation r in
the limit r  R, the attractive van der Waals
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Figure 2.2.1: Image showing two negatively charged colloids surrounded by an electric dou-
ble layer of ions. The colloids can approach each other until their slipping planes come into
contact, or in other words: until the separation is 2λD. [15]
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potential energy UvdW can be approximated
by Hamakers approximation [6],
UvdW = −A6
(
2R2
z2 − 4R2 +
2R2
z2
+ ln
[
z2 − 4R2
z2
]) (2.2.1)
where z = 2R+ r and A is the Hamaker coef-
ficient. For the other component of the DLVO
potential, it is useful to introduce the Debye
length λD, which is the thickness of the slip-
ping plane, and is a measure for the length
scales at which electrostatic forces play a role.
λD is defined by
λD =
(
εrε0 kBT
2NAe2 I
)1/2
(2.2.2)
where εr the relative static permittivity, ε0 the
electric constant, kB the Boltzmann constant,
T the temperature, NA the Avogadro num-
ber, e the elementary charge and I the ionic
strength. In terms of this Debye length, the
potential of the electric double layer UEDL is
given by
UEDL = (64pikBTRρ∞γ2λ2D)e
−r/λD (2.2.3)
with r the distance from the colloid and ρ∞ =
NA I. γ is the reduced surface potential de-
fined by
γ = tanh
(
zeψ0
4kBT
)
(2.2.4)
where z is the valency of the ions and ψ0 the
potential on the surface, which is approxi-
mated by the Zeta potential. [17, Chapter 14]
The total DLVO potential is then given by
UDLVO = UvdW +UEDL (2.2.5)
and is plotted in Figure 2.2.2. The electrostatic
forces are dominant at large inter-particle dis-
tances, while the van der Waals force is dom-
inant at short inter-particle distances. It can
be seen that when the ionic strength of the
medium is low, the colloids are stable, because
there is a potential barrier (due to electrostatic
repulsion) much higher than kBT that needs to
be overcome for the colloids to cluster.
2.2.2 Destabilisation mechanisms
Charged colloids are stabilised by the repul-
sive Coulomb force between them. In this sec-
tion, it will be described how the Debye length
can be decreased by the Salting out-quenching
technique.
Salting out-quenching
The salting out-quenching technique was de-
veloped by Yake et al. to produce clusters of
spherical colloids. [1] With this method the
ionic strength of the solution is increased by
adding salt (‘salting out’), therefore the De-
bye length (Equation 2.2.2) will be decreased.
In Figure 2.2.2, it can be seen that at increas-
ing ionic strengths, the potential energy bar-
rier decreases. Therefore, the colloids are able
to cluster due to short-ranged van der Waals
forces. Here, diffusion limited aggregation
plays a key role, since diffusion allows the
particles to come into contact with each other,
which is illustrated in Figure 2.2.3. When the
colloids are in contact, they will usually stay
attached because the attractive van der Waals
force is strong enough to overcome any ther-
mal fluctuations that might cause the clusters
to break apart again. The time it takes for
the particles to cluster can be estimated by the
Smoluchowski flocculation time τ,
τ =
piηa3W
2kBTφ
(2.2.6)
where η is the viscosity, a the radius of the col-
loids, kB the Boltzmann constant, T the tem-
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Figure 2.2.2: DLVO potential of 1 µm colloids, with a surface potential of −35 mV. The col-
loids are suspended in water (er = 80) at 293 K. The Hamaker constant was assumed to be
1× 10−19 J. At low ionic strength, there is an energy barrier much higher than kBT that needs
to be overcome if the colloids are to aggregate. Therefore, at low ionic strength, these colloids
are stable in dispersion. At increasing ionic strength, the energy barrier decreases and a sec-
ondary minimum is formed. At this secondary minimum, the colloids can either cluster, or
remain dispersed. If the colloids remain dispersed, they are kinetically stable. At very high
ionic strength, there is no potential barrier and the dispersion becomes unstable, resulting in
the aggregation of the colloids. [17, Chapter 14]
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perature, φ the volume fraction of the colloids
in the suspension andW the stability ratio, de-
fined as W = k0k where k0 is the fast floccula-
tion rate and k the slow flocculation rate.
It can be seen from Equation 2.2.6 that over
time all colloids will cluster together to form a
gel. To control the size of the clusters, the ag-
gregation process can be stopped by decreas-
ing the ionic strength by diluting the mixture.
This process is known as ‘quenching’. The
cluster size can also be controlled by varying
the salt concentration or the waiting time be-
fore quenching.
Fusing
The aggregated colloids can be fused by radi-
cal polymerisation in two different ways. The
first option is to swell the colloids with an ap-
propriate solvent, like toluene for polystyrene
colloids. By increasing the temperature, the
colloids swell and the networks of the individ-
ual polymer particles start to overlap. An ini-
tiator is added to permanently fuse the poly-
mer networks together. After evaporation of
the toluene, charge stabilised clusters of col-
loids in water are obtained.
The second option is the addition of a
monomer instead of a generic solvent, to form
a layer around the cluster during polymerisa-
tion. The amount of monomer, or more pre-
cisely, the swelling ratio S can be varied,
S =
mmonomer
mcolloids
(2.2.7)
where mmonomer is the mass of the monomer
that is added and mcolloids is the mass of the
colloids in the dispersion. The swelling ratio
influences the final shape and configuration of
the clusters. Lower swelling ratios result in a
monomer layer between the colloids, higher
n = 2 n = 3
n = 4 n = 5
Figure 2.2.5: Illustration showing the regular
geometric shapes that are formed when clus-
ters of two to five colloids are folded back and
the second moment of the mass distribution is
minimised.
swelling ratios result in a shell around the
whole cluster, as can be seen in Figure 2.2.4.
Folding-back
When the colloids in a cluster are perma-
nently fused by polymerisation, the randomly
shaped clusters are expected to fold back to
form defined shapes that minimise the second
moment of the mass distribution, resulting in
regular geometric shapes like tetrahedra, tri-
angular dipyramids, octahedra etc. [11, 18]
The shape of the resulting colloidal molecules
is uniquely determined by the number of col-
loids in the cluster and the swelling ratio
(Equation 2.2.7). The shapes that are formed
for clusters of two to five colloids can be seen
in Figure 2.2.5. The second moment of the
mass distribution M2 is given by
M2 =
N
∑
i=1
|~ri − ~r0|2 (2.2.8)
where ~ri is the center coordinate of the ith
sphere and ~r0 is the center of mass of the clus-
ter. The resulting clusters are therefore identi-
cal for a given number of colloids in the clus-
ter. When a different monomer is used than
the monomer that was polymerised to form
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salting out aggregation
Figure 2.2.3: Illustration depicting the salting out process. The colloids are charge stabilised.
In red, the size of the repulsive electric double layer around the colloids has been visualized.
When the ionic strength of the dispersion is increased by adding salt (‘salting out’), the thick-
ness of this electric double layer is reduced. This allows the colloids to approach each other to
a closer distance and diffusion limited aggregation takes place.
the colloid, patchy particles are formed. These
are anisomeric particles with heterogeneous
surface properties. These special properties
can be utilised for directed self-assembly of
these particles.
2.3 Analysis techniques
2.3.1 Optical microscopy
Colloids can be observed using optical mi-
croscopy. A basic diagram of an optical mi-
croscope is shown in Figure 2.3.1. Light is
coming from a light source at the top which
is converged onto the sample by a condenser
lens. The light is transmitted through the sam-
ple into the objective lens and detected by the
detector or reflected to an eyepiece.
The limiting factor of the resolution of an op-
tical microscope is diffraction. Because of
diffraction, Airy disks are formed around a
point object at high magnification. The resolu-
tion is then limited by the microscopes ability
to distinguish between two Airy disks that are
close together. This is known as the diffraction
limit. The maximal resolution d that can be at-
tained is given by
d =
λ
2NA
(2.3.1)
where d is the resolution, λ the wavelength
of the light and NA the numerical aperture of
the lens. In practice, a maximal resolution of
∼200 nm and a magnification of ∼1500× can
be obtained with optical microscopy. [19]
2.3.2 Electron microscopy
An electron microscope uses an electron beam
to image the sample. The beam is manipu-
lated and focused by electrostatic and electro-
magnetic lenses, analogous to the lenses used
in optical microscopy. The two main types
of electron microscopes are transmission elec-
tron microscopes (TEM) and scanning elec-
tron microscopes (SEM). A schematic view of
these microscopes is shown in Figure 2.3.1.
TEM detects transmitted electrons to form an
image, whereas SEM detects secondary elec-
trons emitted by atoms on the surface excited
by the electron beam to form an image.
The resolution that can be achieved with elec-
tron microscopy is much higher than the
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Figure 2.2.4: SEM images of polystyrene colloids swollen with styrene. As the swelling ratio
increases, the shape of the clusters is influenced. [11]
folding back
Figure 2.2.6: During the fusing of the colloids, the colloids fold back into an optimal geometric
shape that minimises the second moment of the mass distribution M2. A layer of monomer
(blue) is formed around the cluster, depending on the swelling ratio.
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Figure 2.3.1: Schematic view of an optical microscope (left), a transmission electron micro-
scope (TEM, middle) and a scanning electron microscope (SEM, right). [20]
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resolution of an optical microscope, because
the wavelength of an electron is ∼100 000×
shorter than the wavelength of visible light.
Therefore, atomic resolution and magnifica-
tions up to ∼10 000 000× can be achieved us-
ing electron microscopy. [21]
2.3.3 Zetasizer
A Zetasizer is a machine that can be used to
estimate the Zeta potential of colloids. An
electric field is applied to a dilute dispersion
of colloids. The colloids start to move with a
velocity related to their Zeta potential. The ve-
locity of the colloids is measured using a laser
interferometric technique. From the velocity,
the electrophoretic mobility µe can be calcu-
lated, which is related to the Zeta potential by
µe =
εrε0ζ
η
(2.3.2)
where εr is the relative permittivity of the
medium, ε0 the vacuum permittivity, ζ the
Zeta potential of the particles and η the dy-
namic viscosity of the medium.
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Chapter3
Experimental
3.1 Materials
Name Formula Description Supplier
Ammonium hydroxide NH3 ACS reagent, 28.0 to 30.0 % NH3
basis
Sigma-Aldrich
Azobis isobutyronitrile (AIBN) C8H12N4 Purum, ≥98.0 % (GC) Sigma-Aldrich
Divinylbenzene (DVB) C10H10 Technical grade, 55 %, contains
≤1500 ppm p-tert-butylcatechol
as inhibitor
Sigma-Aldrich
Ethanol C2H6O Puriss. p.a., absolute, ≥99.8 %
(GC)
Sigma-Aldrich
Hydroquinone C6H6O2 ReagentPlusr, ≥99.5 % Sigma-Aldrich
Magsphere PS colloid Red PS colloids, 1 µm, 10 % w/w,
0.1 % NaN3
Magsphere
Methanol CH4OH Denaturated methanol, pure,
32.04 g mol−1, max. 0.5 % H2O,
min. 99.5 % CH4OH
VWR
International
Polyvinyl alcohol (PVA) (C2H4O)n Average Mw 13 000 to 23 000 u,
98 % hydrolysed
Sigma-Aldrich
Polyvinyl-pyrrolidone (PVP) (C6H9NO)n Polyvinyl-pyrrolidone, K30,
Mw =30 kmol
Sigma-Aldrich
Potassium chloride KCl ≥99 %, for analysis Acros Organics
Potassium persulfate (KPS) K2O8S2 Puriss. p.a., ACS reagent, ≥99.0 %
(RT)
Sigma-Aldrich
RITC-APS Rhodamine-B-isothiocyanate dye
coupled with
3-aminopropyl-triethoxysilane
Close-packed colloidal clusters, R.W. Verweij – July 2, 2014 - 11:07
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Name Formula Description Supplier
Sodium chloride NaCl Extra pure, ≥99.0 % Acros Organics
Sodium dodecyl sulfate (SDS) C12H25NaO4S ReagentPlusr, ≥98.5 % (GC) Sigma-Aldrich
Styrene C8H8 ReagentPlusr, contains
4-tert-butylcatechol as stabilizer,
≥99 %
Sigma-Aldrich
Inhibitor-free styrene C8H8 Styrene, inhibitor removed by a
prepacked column
(Sigma-Aldrich) for removing
4-tert-butylcatechol
Sigma-Aldrich
Toluene C7H8 puriss. p.a., ACS reagent, reag.
ISO, reag. Ph. Eur., ≥99.7 % (GC)
Sigma-Aldrich
3-(Trimethoxysilyl)-propyl-
methacrylate
(TPM)
C10H20O5Si 98 % Sigma-Aldrich
Water H2O Water filtered using a MilliQ
filtering system
MilliPore
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3.2 Methods
3.2.1 TPM particles
Synthesis
The TPM colloids were synthesised according
to a procedure provided by Casper van der
Wel. 25 µL of ammonium hydroxide was dis-
solved in 30.15 g of water. The ammonium hy-
droxide was added to make particles with the
desired surface charge, which can be tuned
by changing the pH of the solution (subsec-
tion 2.1.2). The 20 mL glass container was
covered with parafilm and the solution was
stirred at 200 rpm for 5 to 10 min. After this,
200 µL of TPM was added and the mixture
was magnetically stirred at 400 rpm until it be-
came milky white. The mixture was stirred for
another 2 h at 200 rpm. Then 400 µL of RITC-
APS was added to fluorescently label the col-
loids, along with 6.7 mg of AIBN dissolved in
1 mL of water to start the polymerisation re-
action. The mixture was stirred at 200 rpm for
one minute. The container was closed and
placed in the oven for 2 h at 80 ◦C. Every
30 min the container was swerved to mix the
contents.
Swelling
The TPM clusters were prepared following
the procedure from TPM 1.5 M described in
Table 3.5 but with Tw = 5 min and for quench-
ing 20 mL water was used instead of 30 mL.
15 mL of this dispersion was transferred us-
ing a 5 mL automatic pipette into a 15 mL
centrifuge tube. The tube was centrifuged
at 3000 rpm for 15 min. The clear, colour-
less supernatant was removed using a Pasteur
pipette and water was added until the total
volume was 10 mL. The tube was vortexed
until the sediment was redispersed. The col-
loids were washed a second time for 20 min
at 3000 rpm. The sediment was redispersed in
water in a total volume of 5 mL.
This dispersion was transferred using a 5 mL
automatic pipette into a 20 mL glass con-
tainer with a plastic cap, containing a stir bar.
50 µL TPM was added using a 50 µL auto-
matic pipette, and the mixture was magneti-
cally stirred at 250 rpm for 15 min. After this,
the solution was stirred for another 20 min
at 1000 rpm. After the stirring, the container
was placed in an oil bath which was heated
to 80 ◦C. After 5 min of stirring at 180 rpm,
5.14 mg AIBN was added with some water.
The mixture was stirred at 180 rpm for 50 min.
After these 50 min, the container was taken
out of the oil bath and allowed to cool down.
3.2.2 Polystyrene particles
Synthesis of linear particles
Three different syntheses of linear PS particles
were performed and the different amounts
of chemicals that were used are summarised
in Table 3.2. The same process was used
and the process for PS3 is described here.
First, 112.5 mL water and 112.85 mg KPS were
added to a 250 mL two-necked round bottom
flask. The largest arm of the flask was closed
using a rubber stopper and the smallest arm
was closed using a glass stopper. The mix-
ture was magnetically stirred for 40 min at
350 rpm. After stirring, two syringes were
inserted trough the rubber stopper and ni-
trogen was bubbled through the mixture for
one minute. Then the flask was placed in
an oil bath and heated to 70 ◦C. The mix-
ture was stirred at 250 rpm and heated for
25 min. Then, 22.5 mL inhibitor-free styrene
was quickly added to the mixture through the
17
Table 3.2: Table showing the amount of chem-
icals that were used for the three different syn-
theses. The procedure that was used was the
same for all three syntheses.
No. Water (mL) KPS (mg) Styr. (mL)
PS1 225 225.7 45
PS2 225 225 45
PS3 112.5 112.85 22.5
smallest arm of the round bottom flask using
a funnel. Nitrogen was bubbled through the
mixture for approximately one minute. Af-
ter 10 min, the stirring speed was increased to
260 rpm and after another 50 min to 280 rpm.
The mixture was heated for another 23 h, to
achieve a total heating time of 24 h. The flask
was removed from the oil bath to cool down
to room-temperature. The mixture was trans-
ferred to a glass container with a plastic cap.
Note that the film formed on top of the mix-
ture and the solids formed at the wall of the
glass were not transferred. The volume frac-
tion was determined by drying.
Cross-linking
Regular cross-linked PS particles There
were four different cross-link experiments
performed, resulting in four different batches
(PS2C1–PS2C3, PS3C1). The amount of chem-
icals used in each experiment is listed in
Table 3.3. The procedure for each experi-
ment was the same and is described here
for PS3C1. First, 6.413 mL styrene, 96.2 µL
DVB and 128.95 mg AIBN mixed and vor-
texed in a glass container. To 2.6 mL of this
mixture, 23 mL PVA in water (5 % w/w) and
2 mL hydroquinone in water (0.03 % w/w)
was added. This mixture was emulsified at
8000 rpm for 2 min. Then, the mixture was
quickly transferred to a 20 mL glass container
containing 5 mL of linear PS particles dis-
persed in water. Nitrogen was used to remove
the oxygen and the container was closed with
a cap and sealed with teflon tape. The con-
tainer was tumbled in a tube rotator for over
12 h at 25 rpm. After tumbling, the container
was heated in an oil bath of 70 ◦C. The
containers were rotated at a tilted angle at
60 rpm. After 24 h, the container was removed
from the oil bath and cooled down to room-
temperature.
Cross-linked PS particles with TPM The
cross-linked particles with TPM, were syn-
thesised according to the same procedure as
for the regular cross-linked particles, however
TPM was added to the styrene mixture. There
were four different cross-link experiments
performed, resulting in four different batches
(PS2CTPM1–PS2CTPM3, PS3CTPM1). The
amount of chemicals that were used in each
experiment is listed in Table 3.4.
Swelling of PS colloids
Swelling with toluene 5 mL of clusters pre-
pared according to method PS 3 M described
in Table 3.5 were added to a glass 20 mL con-
tainer. 100 µL of toluene was added and the
container was sealed with a cap and teflon
tape. The mixture was magnetically stirred at
250 rpm for 20 min. Then, the container was
placed in an oil bath preheated to 80 ◦C and
stirred at 250 rpm for 15 min. The container
was exposed to air, allowing the toluene to
evaporate. This process was left to continue
for 50 min and then the container was sealed
again and taken out of the oil bath.
Swelling with styrene 5 mL of clusters pre-
pared according to method PS 3 M described
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Table 3.3: Table showing the different combinations of chemicals for the cross-linking process
of the linear PS particles.
Name Seed particles Styrene DVB AIBN PVA in water HQ
(mL)
(%
w/w) (mL) (% v/v) (mg) (mL)
(%
w/w)
0.03 %
w/w
(mL)
PS2C1 7.5 3.25 1.132 2 22.65 4.64 1 0
PS2C2 7.5 13.67 4.495 1.5 89.42 20 5 2
PS2C3 7.5 13.67 1.107 1.5 22.48 10 5 2
PS3C1 5 12.36 2.562 1.5 51.51 23 5 2
Table 3.4: Table showing the different combinations of chemicals for the cross-linking process
of the linear PS particles with added TPM.
Name Styr. TPM DVB AIBN PVA in water HQ
(mL)
(%
w/w) (mL)
(%
v/v)
(%
v/v) (mg) (mL)
(%
w/w)
0.03 %
w/w
(mL)
PS2CTPM1 7.5 3.25 1.132 10 2 20.59 4.64 1 0
PS2CTPM2 7.5 13.67 4.495 10 1.5 89.95 20 5 2
PS2CTPM3 7.5 13.67 1.138 11 1.5 23.10 10 5 2
PS3CTPM1 5 12.36 2.305 10 1.5 53.09 23 5 2
19
in Table 3.5 were added to a glass 20 mL con-
tainer with a stir bar. Three different swelling
ratios were used. For S = 2, 14 µL of a styrene
with 4.9 % w/w AIBN and 1 % v/v DVB was
added. For S = 4, 28 µL of this mixture was
added and for S = 8, 56 µL was added. To
each container a 200 µL solution of 10 % w/w
SDS in water was added. The containers
were sealed with a plastic cap and teflon tape.
The containers were placed in a oil bath pre-
heated to 80 ◦C and the mixtures were stirred
at 200 rpm. After 70 min, the containers were
taken out of the oil bath and left to cool down
to room-temperature.
Swelling of Magsphere PS colloids
Swelling with toluene 5 mL of clusters pre-
pared according to method MPS 1 M de-
scribed in Table 3.5 were added to a glass
20 mL container with a stir bar. 125 µL toluene
was added and the container was sealed with
a cap. The container was placed in an oil
bath at 80 ◦C and stirred at 250 rpm for 10 min.
The container was exposed to air, allowing the
toluene to evaporate. This process was left
to continue for 30 min and then the container
was sealed again and taken out of the oil bath.
Swelling with styrene 5 mL of clusters pre-
pared according to method MPS 1 M de-
scribed in Table 3.5 were added to a glass
20 mL container with a stir bar. 200 µL water
with 10 % w/w SDS and 27.8 µL styrene with
1 % v/v DVB were added and the mixture was
stirred for 3 h at 200 rpm. Then the container
was placed in an oil bath at 80 ◦C and was
stirred at 200 rpm for 20 min. 6.76 mg AIBN
mixed with 338 µL styrene with 1 % v/v DVB
were added and the mixture was heated for
2 h.
DPPS particles
The dispersion polymerisation polystyrene
particles (DPPS) were synthesised by Daniela
Kraft. Here, 136 mL ethanol, 14 mL water,
10 mL styrene, 0.136 g AIBN and 5 g PVP were
mixed in a 250 mL round bottom flask. The
flask was purged with nitrogen for 10 min. It
was then placed in an oil bath at 75 ◦C, at a
tilted angle, rotating at 60 rpm for 20 h.
3.2.3 Salting Out-Quenching
The procedures that were used to salt out the
colloids are described in Table 3.5. The 3 M
KCl solution was prepared by adding 5.5911 g
KCl to 25 mL water. The same salt solution
was used for all the salting out experiments.
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Table 3.5: Overview of the different methods used for salting out the colloidal particles.
Name Colloid Salt Waiting time Tw
TPM colloids
TPM 1.5 M 100 µL 100 µL 3 M KCl 10, 20 and 30 min
The salt solution was added to an Eppendorf tube. The particles were
transferred to the tube with a 100 µL automatic pipette and a timer
was started. The tubes were vortexed at the lowest setting. After the
waiting time, the mixture was pipetted out of the tube using a 5 mL
automatic pipette and into 30 mL of water, which was then vortexed.
Cross-linked PS colloids
PS 0.4 M 50 µL 33.3 µL 3 M KCl and
166.8 µL water
5, 10 and 20 min
The salt solution was added to an Eppendorf tube and water was
added. The particles were transferred to the tube with a 50 µL auto-
matic pipette and a timer was started. The tubes were vortexed at the
lowest setting. After the waiting time, the mixture was poured into
30 mL of water, which was then vortexed.
PS 0.9 M 50 µL 100 µL 3 M KCl and
200 µL water
5, 10 and 15 min
The same procedure as for PS 0.4 M was used.
PS 1.2 M 50 µL 100 µL 3 M KCl and
100 µL water
5, 10 and 15 min
The same procedure as for PS 0.4 M was used.
PS 1.5 M 100 µL 100 µL 3 M KCl 30 min
The same procedure as for PS 0.4 M was used.
PS 2.9 M 20 µL 1 mL 3 M KCl 5 to 15 min
The salt solution was added to an Eppendorf tube and the water was
added. The particles were transferred to the tube with a 20 µL auto-
matic pipette and a timer was started. A capillary was used to make
a sample for the optical microscope and every minute a z-stack was
made.
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Name Colloid Salt Waiting time Tw
Magsphere PS colloids
MPS 1 M 42 µL 100 µL 3 M NaCl and
58 µL water
5 min
The particles were transferred to a 30 mL glass container. The salt so-
lution was added and a timer was started. The container was slowly
swirled by hand. After the waiting time, 30 mL of water was poured
into the container and the container was vortexed.
MPS 1.5 M 42 µL 100 µL 3 M KCl and
58 µL water
5 min
The same method as for TPM 1.5 M was used.
DPPS colloids
DPPS 1 M 200 µL 200 µL 2 M NaCl 6 and 12 min
The particles were transferred to a 30 mL glass container. The salt so-
lution was added and a timer was started. The container was slowly
swirled by hand. After the waiting time, 30 mL of water was poured
into the container and the container was vortexed.
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3.3 Analysis
3.3.1 Optical microscopy analysis
The samples that were analysed using optical
microscopy were made by dipping a capillary
in the mixture allowing the liquid to enter the
capillary. The capillary was placed on a glass
slide. The capillary was either fixed by tape
or UV-glue. The samples were analysed us-
ing a Nikon Eclipse Ti microscope with a 60
or 100× oil objective.
Cluster sizes analysis
To analyse the size of the clusters, z-stacks
were made using a step size of 0.9 µm at at
least three different places in the sample. The
range was taken from the bottom of the cap-
illary upwards until no more colloids were in
focus. These images were manually analysed
using ImageJ and the Cell Counter. [22] At
least 400 clusters per sample were counted to
ensure good statistics.
3.3.2 Electron microscopy analysis
The colloids were washed two or three times
with water at 3000 rpm for approximately
20 min before sample preparation. After the
colloids were washed, a diluted dispersion
was prepared. Of this dispersion, a droplet
was placed either directly on the stub or on a
copper TEM grid (mesh 300 nm) and dried un-
der an incubator lamp. For SEM analysis, the
TEM grid was placed on carbon tape on a SEM
stub. For some of the SEM images, the stubs
were coated with a ∼5 nm layer of gold using
a sputter coater. For the actual SEM measure-
ments, a voltage of 15 kV and a spot size of
3.5 was used. For TEM imaging a voltage of
70 kV was used.
3.3.3 Zeta potential measurements
The Zeta potential of the colloids was mea-
sured using a Zetasizer Nano ZS from
Malvern. A diluted dispersion was trans-
ferred to a cuvette that was cleaned with wa-
ter. A universal dip cell was inserted into the
cuvette and the cuvette was placed into the
Zetasizer. The sample was left to equilibrate
for 3 min before the measurement started. 5
runs of 10 measurements were performed and
the Smoluchowski model was used to deter-
mine the Zeta potential of the colloids. Some
of the measurements were performed with
and without filtering the dispersion before
measuring the Zeta potential.
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Results and Analyses
15 µm
Figure 4.1.1: Optical microscope image of the
synthesised TPM particles dispersed in water.
Mainly single particles were observed, indi-
cating the colloids are stable in water. A few
dumbbells can be observed as well.
4.1 TPM colloids
4.1.1 Synthesis
An optical microscope image of the synthe-
sised TPM particles is shown in Figure 4.1.1.
As can be seen in this image, the TPM par-
ticles are stable in water, because primarily
single particles were observed, although some
dumbbells were observed as well.
In Figure 4.1.2, SEM images of the TPM par-
ticles are shown. In Figure 4.1.2b, it can be
seen that the particles have a spherical shape
and a smooth surface. By analysing the SEM
images, the size of the TPM particles was de-
termined to be 1.00± 0.04 µm. Small particles
were removed by washing. In Figure 4.1.2a, it
can be seen that the particles form a hexagonal
crystal structure. This confirms that the parti-
cles have a low polydispersity and a spheri-
cal shape. Because of their low polydispersity
and spherical shape, the particles are suitable
for the salting out experiments.
4.1.2 Salting Out
During salting out experiments the TPM col-
loids were observed to form clusters. The
cluster size increased with the waiting time Tw
before adding water to decrease the salt con-
centration. In Figure 4.1.3a it can be seen that
a gel is formed when the particles are salted
out in the presence of 1.5 M KCl with a wait-
ing time before quenching of over 10 h. How-
ever, when the salt concentration was lowered
Close-packed colloidal clusters, R.W. Verweij – July 2, 2014 - 11:07
25
6 µm
(a) Overview
1 µm
(b) Close-up
Figure 4.1.2: (a) SEM image showing an overview of a close-packed structure of TPM par-
ticles. The hexagonal crystal lattice indicates the particles have a low polydispersity and a
well-defined spherical shape.
(b) SEM close-up showing the particles have a well-defined spherical shape and a smooth
surface.
15 µm
(a) Before quenching
15 µm
(b) After quenching
Figure 4.1.3: Optical microscopy images of TPM colloids dispersed in water.
(a) In the presence of 1.5 M KCl, aggregates of TPM colloids are formed.
(b) After quenching the dispersion with water, most of the clusters fell apart.
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by quenching the dispersion with 30 mL wa-
ter, the majority of these big clusters fell apart,
as can be seen in Figure 4.1.3b. This indicates
that the surface charge of the particles is high
enough to stabilise the particles at the ionic
strengths that were used. However, the Mag-
sphere PS colloids that are discussed later did
form clusters that stayed intact after quench-
ing and have the same Zeta potential as these
TPM particles. This indicates that the chem-
ical properties of the surface of the TPM col-
loids is different from the surface properties of
the Magsphere PS colloids. This can cause the
TPM colloids to be not only charge stabilised,
but also sterically stabilised. If the particles
are sterically stabilised, increasing the ionic
strength will not cause the particles to form
clusters.
The number and the sizes of the clusters af-
ter quenching with water were analysed and
the results are shown in Figure 4.1.4. Here,
it can be seen that clusters of different sizes
were formed. The probability that a cluster
was formed decreased with the cluster size.
The analyses show that when the waiting time
Tw was increased from 10 min to 20 min, the
percentage of single colloids and dumbbells
decreased while the percentage of larger clus-
ters increased. However, at a waiting time Tw
of 30 min, the percentage of single colloids in-
creased while the percentage of larger clus-
ters remained the same or decreased. This
behaviour is unexpected and can possibly
be explained by the earlier observation that
the larger clusters fell apart after quenching
with water, while some of the smaller clusters
stayed intact. Swelling and folding back ex-
periments were performed with the clusters
that stayed intact.
4.1.3 Swelling
SEM images of the TPM clusters swollen with
TPM are shown in Figure 4.1.5. Swelling the
particles with TPM did influence the shape
of the colloids. Protrusions were formed on
the single colloids and on the dumbbells. The
swollen trimers had no protrusions. A layer
was formed between the dumbbells and the
trimers. Trimers were the largest clusters ob-
served. Smaller secondary particles were also
observed.
The formation of protrusions on the single
colloids and dumbbells may be explained in
the following way: during the stirring of the
mixture of water, TPM colloids and TPM,
small droplets of TPM are formed. Some
oil droplets near the bottom of the container
were indeed observed. The TPM colloids
are very negatively charged and might then
position on the interface between the wa-
ter and TPM droplet. The surface of the
TPM molecules is apparently impenetrable
for TPM, because the TPM is not absorbed
into the colloid. When AIBN is added, the
droplet polymerises, forming a protrusion on
the TPM seed particle. [23]
The layer that is formed between the dumb-
bells and the trimers may either be explained
in the same way, or the dumbbells and trimer
particles that were observed were formed
during this process: when two single colloids
with a droplet on them collide, the droplets
fuse and a dumbbell is formed, as is visu-
alised in Figure 4.1.6. [11] Then all TPM clus-
ters would have to fall apart during the heat-
ing process, which would explain why no big-
ger clusters than trimers were found, even
though they were there before the swelling
process. The larger clusters that were formed
by salting out fell apart during the quenching
step, which indicates that the force keeping
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Figure 4.1.4: Statistical analysis of the number of clusters with a certain size of the salted out
TPM colloids after quenching the dispersion with water. The results of three different waiting
times are shown. Clusters of different sizes were formed and the probability that a cluster was
formed decreased with the cluster size.
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0.75 µm
(a) Dumbbells and single particles
0.75 µm
(b) Trimer
Figure 4.1.5: SEM images of the TPM clusters swollen with TPM.
(a) It can be seen that swelling the particles with TPM influenced the shape of the particles.
A protrusion was formed on all the single particles. Protrusions were also observed on the
dumbbells, as well as a layer between the two colloids of the dumbbell.
(b) The swollen trimers all had the same shape. No protrusions were observed on the swollen
trimers but a layer was formed between the colloids.
polymerisation
Figure 4.1.6: Illustration showing a possible mechanism for the formation of TPM clusters
during the swelling with TPM. When two TPM colloids with TPM droplets on them collide, the
TPM droplets fuse. A layer is formed between the colloids when the TPM droplets polymerise.
Any remaining droplets on the colloid will form a protrusion after polymerisation.
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0.5 µm
Figure 4.2.1: TEM image of the linear PS2
particles. The colloids had a low polydis-
persity and their size was determined to be
579± 6 nm using TEM images.
the clusters together may not be high enough
to keep the clusters together at 80 ◦C. Also, the
particles may have broken apart during wash-
ing or even by stirring, which had to be suffi-
ciently fast to mix the TPM and water.
4.2 PS colloids
4.2.1 Synthesis
Linear particles
Three different syntheses were performed re-
sulting in three different batches (PS1–PS3).
The PS1 colloids were washed with methanol
after the synthesis was complete. This caused
the particles to become unstable and a fleece
of styrene was formed on top of the disper-
sion. The PS2 colloids were washed with wa-
ter and remained stable in dispersion. The col-
loids had a low polydispersity and their size
was determined to be 579± 6 nm using TEM
images. However, after a few days, the dis-
persion had become unstable.
Therefore, a new synthesis PS3 was per-
formed. An optical microscopy image of
the linear PS3 particles can be seen in Fig-
ure 4.2.2a. The particles are stable in dis-
persion, only a few clusters were observed.
The Zeta potential of PS2 and PS3 are equal,
so there has to be another mechanism that
has caused the PS2 colloids to become unsta-
ble in water. It could be that the difference
in the amount of styrene that had not poly-
merised changed the properties of the disper-
sion medium and therefore the stability of the
colloids. Another explanation would be that
the surface properties of the colloids change
over time when they are dispersed in water.
As can be seen in the TEM image in Fig-
ure 4.2.2b, the particles are spherical and
have a low polydispersity. There were also
some smaller particles, they were removed by
washing with water. Using the TEM images,
the diameter of the colloids was determined
to be 735± 8 nm. Because these particles are
stable in water and have a low polydispersity,
they can be used to create cross-linked PS par-
ticles.
Cross-linked PS particles
Different attempts were made to cross-link
the linear particles with styrene and DVB, the
results are shown in Table 4.1 and in Fig-
ure 4.2.3, microscope images of the cross-
linked particles are shown. In cross-link ex-
periment PS2C1, secondary particles and pro-
trusions were observed. This can be seen in
the SEM image shown in Figure 4.2.3a. For
the subsequent cross-link experiments, hydro-
quinone was added in the water phase to pre-
vent the nucleation of these secondary parti-
cles. This was successful since the secondary
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15 µm
(a) Light microscope image
0.5 µm
(b) TEM image
Figure 4.2.2: Optical and electron microscope images showing the linear PS particles.
(a) It can be seen on this light microscope image that most particles are single particles, there-
fore they are stable in water.
(b) TEM image showing the linear particles. They are spherical and have a low polydispersity.
The diameter of the colloids was determined to be 735± 8 nm.
particles were no longer observed in the sub-
sequent cross-linking experiments.
Cross-link experiments PS2C1–PS2C3 used
the linear PS2 particles as seed particles.
These PS2 particles turned out to become un-
stable in water over time since clusters were
formed. This led to a high polydispersity for
particles of batch PS2C1–PS2C3. In PS2C1,
three different sizes were observed. The sizes
were compared to the size of the PS2 seed
particles and to each other. It can be seen
in Table 4.1 that the three different sizes are
due to the seed particles being single colloids,
dumbbells or trimers, since the volume of the
PS2C1 cross-linked particles is approximately
one time, two times and three times as large as
the volume of the smallest cross-linked parti-
cles found in PS2C1.
For PS2C3, the volume of the particles are
approximately one time, two times and four
times as large as the volume of the small-
est cross-linked particles found in PS2C3.
This might be caused by the higher volume
fraction of seed particles used compared to
PS2C1. The probability for seed colloids to
cluster increases when the volume fraction
of the particles increases (see Equation 2.2.6).
The cross-linking was successful when stable
PS3 seed particles were used. This supports
the hypothesis that the polydispersity of the
cross-linked particles is caused by the forma-
tion of clusters of seed particles. This mech-
anism could be used to make patchy parti-
cles, by mixing different seed particles, aggre-
gating them in a controlled fashion and poly-
merising them by the emulsion polymerisa-
tion that is used here.
In Figure 4.2.3d a SEM image of the success-
ful cross-linking attempt PS3C1 can be seen.
The particles are stable in water and only a
small amount of clustering was observed. It
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1 µm
(a) PS2C1
10 µm
(b) PS2C2
1 µm
(c) PS2C3
1 µm
(d) PS3C1
Figure 4.2.3: Microscope images of the cross-linked PS particles.
(a) SEM image showing the cross-linked PS2C1 particles. The particles are polydisperse and
secondary particles were formed.
(b) Optical microscope image of the PS2C2 cross-linked particles. They are polydisperse and
highly unstable in water.
(c) SEM image showing the cross-linked PS2C3 particles. They are polydisperse, but are spher-
ical and have a smooth surface.
(d) SEM image showing the cross-linked PS3C1 particles. They have arranged in a hexagonal
crystal lattice which confirms that the particles have a very low polydispersity and a spherical
shape. Their diameter was determined to be 1.38± 0.03 µm.
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Table 4.1: Summary of the results of the four different cross-link experiments that were per-
formed with linear PS particles.
PS2C1 (Figure 4.2.3a)
Particles were very polydisperse and unstable in dispersion. There were smaller particles
or protrusions (100 to 200 nm) on these bigger particles.
Particle size (nm) Volume/seed volume Volume/reference volume
0.90 ± 0.05 4.0 ± 0.6 1
1.10 ± 0.05 7.0 ± 1.0 1.8 ± 0.4
1.30 ± 0.05 11.0 ± 1.7 3.0 ± 0.6
PS2C2 (Figure 4.2.3b)
The particles were still very polydisperse and unstable in dispersion. The particles were
only observed with an optical microscope. Large clusters had formed, with a diameter of
∼5 µm. The particles were ∼1 µm in diameter. Smaller clusters were also observed.
PS2C3 (Figure 4.2.3c)
The particles were still very polydisperse and unstable in dispersion. There were no
smaller particles or protrusions on the particles, the particles were spherical and smooth.
Particle size (nm) Volume/seed volume Volume/reference volume
0.70 ± 0.05 1.8 ± 0.3 1
0.90 ± 0.05 3.8 ± 0.6 2.1 ± 0.5
1.10 ± 0.05 6.9 ± 1.0 3.9 ± 0.8
PS3C1 (Figure 4.2.3d)
For crosslink experiments 1-3, the linear PS particles that were used (PS2) had become
unstable and had formed small aggregates. A new synthesis was performed and these
stable particles (PS3) were used for the final attempt. The crosslinked particles were stable
in water and had a low polydispersity.
Particle size (nm) Volume/seed volume
1.38 ± 0.03 6.6 ± 0.6
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can be seen that the particles are spherical
and have a smooth surface. Using the SEM
images, their diameter was determined to be
1.38± 0.03 µm, therefore they can be easily
observed using an optical microscope. They
have a low polydispersity which is confirmed
by the hexagonal crystal lattice that is formed
when the dispersion is dried for analysis us-
ing the SEM.
Additionally, the Zeta potential of the PS3C1
cross-linked particles was determined to be
−32± 2 mV. The cross-linked particles are
significantly less charged than the linear PS3
particles. This was expected, because in
the linear synthesis, KPS is used as initiator,
which induces charges at the surface. In the
cross-linking step, AIBN was used as initiator.
AIBN does not induce charges at the particle
surface, so the overall surface charge is low-
ered.
Cross-linked PS particles with added TPM
Different attempts were made to cross-link the
linear particles with styrene, DVB and TPM,
the results are shown in Table 4.2 and in Fig-
ure 4.2.4 electron microscopy images of the
particles are shown. It was observed that the
particles were not stable in water since dumb-
bells and large clusters were formed. Par-
ticles of batch PS2CTPM1–PS2CTPM3 were
very polydisperse, caused by clustering of
the PS2 seed particles. In the SEM image of
PS3CTPM1 in Figure 4.2.4d, it can be seen
that the particles are spherical but smaller nu-
cleated particles were formed on their sur-
face, similar to PS2CTPM1 in Figure 4.2.4a,
even though hydroquinone was added to
PS3CTPM1 to prevent this from happening.
This indicates that the protrusions on the sur-
face are probably droplets of TPM that did
not get absorbed by the linear PS particles and
was polymerised. Furthermore, the size of the
cross-linked particles with added TPM is ex-
actly the same as the size of the cross-linked
particles without added TPM. The diameter of
the particles was determined using the SEM
images to be 1.38± 0.02 µm.
Additionally, the Zeta potential of the colloids
was measured. It was expected that the sur-
face charge of these cross-linked PS colloids
with added TPM would be larger than the
surface charge of the cross-linked PS colloids
without added TPM. This was expected be-
cause of the formation of TPM−, as explained
in subsection 2.1.2. However, the Zeta poten-
tial was measured to be −35± 2 mV, which is
equal to the surface charge of the cross-linked
PS colloids without TPM. This further con-
firms the hypothesis that the TPM is not in-
corporated into the particle.
Because the particles had formed aggregates
in dispersion, no hexagonal packing was ob-
served in the SEM images. Because these par-
ticles did not have a smooth surface and were
unstable in water, these particles were not
suited for further experiments.
4.2.2 Salting out
Salting out experiments were performed with
the PS3C1 particles. In Figure 4.2.5, opti-
cal microscope images of the salted out par-
ticles for four different ionic strengths are
shown. At all four ionic strengths, clusters
were formed. For ionic strengths of 0.4 to
1.2 M, the amount of clusters and the sizes of
the clusters are comparable. However, at an
ionic strength of 2.9 M the formation of larger
clusters was observed.
The number of clusters and the cluster sizes
were analysed using the optical microscopy
images, the results are shown in Figure 4.2.6.
At I = 0.4 M, mostly single colloids are ob-
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(a) PS2CTPM1
2 µm
(b) PS2CTPM2
2 µm
(c) PS2CTPM3
1 µm
(d) PS3CTPM1
Figure 4.2.4: Microscope images of the cross-linked PS particles with added TPM.
(a) SEM image showing the PS2CTPM1 particles. The particles were polydisperse and sec-
ondary particles were formed.
(b) TEM image showing the PS2CTPM2 particles. They were spherical, there were no sec-
ondary particles but they were polydisperse.
(c) SEM image of the PS2CTPM3 particles. They were spherical and had a smooth surface, but
were very polydisperse.
(d) SEM image of the cross-linked PS3CTPM1 particles. It can be seen that the particles are
spherical and have a low polydispersity. However, their surface is not smooth, secondary
particles have formed on the surface, this was also observed using optical microscopy. The
particles do not form a hexagonal crystal lattice when dried, because they had already clus-
tered into random aggregates in dispersion.
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Table 4.2: Summary of the results of the four different cross-link with added TPM experiments
that were performed with linear PS particles.
PS2CTPM1 (Figure 4.2.4a)
Particles were very polydisperse and unstable in water. Smaller particles or protrusions
(100 to 200 nm) had formed on the surface of these bigger particles.
Particle size (nm) Volume/seed volume Volume/reference volume
0.80 ± 0.05 6.9 ± 1.0 1
0.90 ± 0.05 7.0 ± 1.0 1.4 ± 0.3
1.30 ± 0.05 11.0 ± 1.7 4.3 ± 0.9
PS2CTPM2 (Figure 4.2.4b)
The particles were still very polydisperse and unstable in water. There were no smaller
particles or protrusions on the surface of the particles and the particles had a spherical
shape and a smooth surface.
Particle size (nm) Volume/seed volume Volume/reference volume
1.10 ± 0.05 7.0 ± 1.0 1
1.30 ± 0.05 11.0 ± 1.7 1.7 ± 0.4
1.50 ± 0.05 17.4 ± 2.6 2.5 ± 0.5
PS2CTPM3 (Figure 4.2.4c)
Large flocks of particles had formed in the dispersion. The particles were very polydis-
perse. The sizes of the particles ranged from 0.7 to 2 µm. The particles were spherical and
had a smooth surface.
PS3CTPM1 (Figure 4.2.4d)
The particles have a low polydispersity, but are unstable in water. The diameter of the
particles was determined to be 1.38± 0.02 µm using the SEM images. There were also
some smaller particles formed on the particle surface.
Particle size (nm) Volume/seed volume
1.38 ± 0.02 6.6 ± 0.4
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25 µm
(a) I = 0.4 M
25 µm
(b) I = 0.9 M
25 µm
(c) I = 1.2 M
15 µm
(d) I = 2.9 M
Figure 4.2.5: Light microscope images of the salted out cross-linked PS particles for three dif-
ferent ionic strengths and a waiting time before quenching of 15 min. For ionic strengths of
0.4 to 1.2 M, the amount of clusters and the cluster sizes are comparable. However, at an ionic
strength of 2.9 M the formation of larger clusters was observed.
37
served, with some dumbbells and very few
larger aggregates as well. Increasing the wait-
ing time Tw before quenching did not lead to
the formation of larger clusters. At I = 0.9 M,
it can be seen that increasing the waiting time
Tw seems to lead to a slight increase in the
cluster size, but this is statistically irrelevant
because the error is too high to confirm this
effect. At I = 1.2 M, it can be seen that in-
creasing the waiting time Tw did not increase
the amount or size of the clusters, although at
Tw = 30 min, clusters of 6 and 7 colloids were
observed, which was not observed at a shorter
waiting times.
The reason that the average cluster size does
not increase with longer waiting times Tw be-
fore quenching may be that the particles are
at least partially sterically stabilised. During
the cross-linking step, PVA was added to sta-
bilise the emulsion droplets. Some of this
PVA may have been co-polymerised into the
polystyrene shell of the colloid. This may
cause the colloids to be sterically stabilised as
well as charge stabilised.
Using the same data, the different ionic
strengths were also compared at the same
waiting time and the results can be seen in
Figure 4.2.7. For a waiting time Tw = 5 min,
it can be seen that at higher ionic strengths
of 0.9 M and 1.2 M, less single colloids were
observed than at an ionic strength of 0.4 M.
At these ionic strengths, there were also more
clusters of two and three colloids. Larger clus-
ters than three were very rare. For a waiting
time Tw = 10 min, it can be seen that the distri-
bution of the cluster sizes is largely the same
as for Tw = 5 min, but at an ionic strength of
1.2 M, there is an increase in the number of
clusters of four colloids. For a waiting time
Tw = 15 min, at ionic strength of 0.9 and 1.2 M
there are less single colloids and more larger
clusters compared to the shorter waiting times
5 and 10 min.
The reason that increasing the ionic strength
led to the formation of larger clusters may
be that the geometric configuration of the
(suspected) copolymerised PVA strands may
change under influence of the ionic strength.
This might happen when the strands become
charged in water because of the hydroxyl
group. Which changes the inter-particle dis-
tance at which the PVA stops the colloids from
aggregating. This could be confirmed by in-
creasing the ionic strength even more, to see
whether there is an ionic strength at which
the dispersion becomes completely unstable.
Also, a different stabiliser for the swelling
emulsion could be used to prevent any steric
stabilisation. A reasonable first candidate for
this would be SDS, because it can washed off
with water more easily that PVA, because the
PVA is partially embedded in the polymer
surface.
Salting out of DPPS particles
The DPPS particles were also salted out. Here,
primarily single colloids and a very low num-
ber of dumbbells were formed. No larger clus-
ters than dumbbells were observed. The par-
ticles are therefore very stable in water, even
at an ionic strength of 1 M. This was expected,
because the DPPS particles are sterically sta-
bilised by PVP. This prevents the particles
from clustering, similar to the cross-linked PS
particles.
4.2.3 Swelling with toluene
When the mixture of PS clusters and toluene
was heated for approximately 15 min, large
flocks were observed by eye in the toluene
phase floating above the water phase. This
indicates that the particles are completely un-
stable in toluene. The Magsphere PS colloids
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Figure 4.2.6: Statistical analyses of the cluster sizes after salting out and quenching of the cross-
linked PS colloids. Three different ionic strengths and waiting times were used. Increasing the
waiting time Tw has no effect on the size distribution.
I = 0.4 M: Mostly single colloids and some dumbbells were observed.
I = 0.9 M: Single colloids, dumbbells and trimers were observed.
I = 1.2 M: Single colloids, dumbbells, trimers and some clusters of four colloids were observed.
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Figure 4.2.7: Statistical analyses of the cluster sizes after salting out and quenching of the cross-
linked PS colloids. Three different ionic strengths and waiting times were used.
T = 5 min: At ionic strength of 0.9 and 1.2 M, less single colloids and more dumbbells and
trimers were observed than at an ionic strength of 0.4 M.
T = 10 min: The cluster size distribution is largely the same as for 5 min, but for an ionic
strength of 1.2 M, there is an increase in the number of clusters of four colloids.
T = 15 min: Compared to the shorter waiting times, at ionic strength of 0.9 and 1.2 M there are
less single colloids and more larger clusters.
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15 µm
(a) Light microscope image
10 µm
(b) SEM image
Figure 4.2.8: Microscope images of the toluene-swollen clusters.
(a) Optical microscope image of the clusters. Single colloids and clusters of two, three and at
least six colloids can be seen.
(b) SEM image of the clusters. No swollen or fused clusters were observed.
did not form these large aggregates during
the swelling with toluene. This might be be-
cause the Zeta potential of the Magsphere PS
colloids is twice as high as the Zeta potential
of the PS3C1 particles. Also, toluene is not a
good solvent for PVA. Therefore, the steric sta-
bilisation might be reduced, causing the col-
loids to aggregate. Using the SEM images, the
size of these large flocks was determined to be
∼200 µm.
After heating the open container for 1 h, still
not all of the toluene had evaporated. The
toluene that remained was partially washed
off with water. To better mix the particles
with the toluene, SDS could be added. In Fig-
ure 4.2.8, the clusters are shown. The clusters
have not swollen or folded back into an opti-
mal shape.
4.2.4 Swelling with styrene
Clusters prepared by method PS 1.5 M from
Table 3.5 were swollen with styrene. Mi-
croscopy images for S = 2 are shown in Fig-
ure 4.2.9. Using optical microscopy, dumb-
bells, trimers and a few larger clusters were
observed. A layer was observed between
clustered colloids, confirming that the clus-
ters were indeed swollen with styrene. All
observed clusters were compact shapes, but
it is unclear whether this has happened dur-
ing the swelling because the concentration of
larger clusters is very low. In Figure 4.2.9b
a SEM image of a large group of dumbbells
and trimers are shown. These large groups
were observed multiple times. It seems like all
dumbbells and trimers were primarily found
in groups. In Figure 4.2.9d a SEM image of a
cluster of four colloids is shown. This cluster
has a compact shape, as well as the clusters
in Figure 4.2.9b. However, a few trimers that
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10 µm
(a) Single colloid, dumbbell
5 µm
(b) Dumbbells and trimers
10 µm
(c) Trimer
1 µm
(d) Cluster of four
Figure 4.2.9: Light microscope images of the styrene-swollen PS clusters at S = 2.
(a) Optical microscope image of a single colloid and a dumbbell. It can be seen that there is a
layer between the two colloids of the dumbbell.
(b) SEM image of a heap of dumbbells and trimers. More of these large groups of dumbbells
and trimers were observed.
(c) Optical microscope image of a trimer. Just like the dumbbells, the trimers seem to have a
layer between the colloids.
(d) SEM image showing a cluster of four colloids. The cluster has a compact shape.
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10 µm
(a) Single colloid, dumbbell
10 µm
(b) Trimer, compact shape
10 µm
(c) Trimer, linear shape
Figure 4.2.10: Light microscope images of the styrene-swollen PS clusters at S = 4.
(a) Image showing a single particle and a dumbbell. It can be seen that the single particle does
not have a spherical shape. The dumbbell is clearly swollen, because there is a layer between
the two colloids.
(b) Image showing a dumbbell and a trimer. It can be seen that there is a layer between the
colloids of the trimer and that is has a compact shape.
(c) Image of another trimer. This trimer does not have a compact shape, but instead it has a
linear shape. There is a layer between the colloids of the trimer.
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had not folded back were observed as well.
Optical microscopy images for S = 4 are
shown in Figure 4.2.10. In Figure 4.2.10a sin-
gle colloids and a swollen dumbbell can be
seen. The single colloids are not all com-
pletely spherical, the colloid next to the dumb-
bell clearly shows this asymmetrical shape.
It looks as if a protrusion was formed on a
spherical colloid. The dumbbell is clearly
swollen, because there is a layer observed be-
tween the two colloids.
In Figure 4.2.10b, single colloids, a dumbbell
and a trimer are shown. Some of the sin-
gle colloids again have a non-spherical shape.
The dumbbell has swollen more on one side
than on the other side, or was formed out of
two seed colloids of different sizes. The trimer
has a compact shape and is clearly swollen
too. More surprisingly, Figure 4.2.10c shows
a trimer that has not folded back into a com-
pact shape. The trimer instead has a linear
configuration, which either indicates that the
colloids were not able to rearrange during
the swelling, or that they should have been
heated longer during the swelling before the
polymerisation reaction was started.
In Figure 4.2.11, SEM images for the same
swelling ratio S = 4 are shown. All particles
that were observed had a very striking shape:
they look like hemispheres. Some of the par-
ticles had seemingly molten, which is an indi-
cation for the possible mechanism that caused
the colloids to have this special shape, which
is illustrated in Figure 4.2.12. When a col-
loid is swollen with the styrene, it can become
partially engulfed in a styrene droplet. If the
styrene causes the polymer network to be-
come malleable, only the end that is not in the
styrene phase stays solid. When the styrene
droplet does not completely polymerise, it
will stay on the droplet and a protrusion is
observed using optical microscopy. Indeed, it
swelling drying
Figure 4.2.12: Illustration showing a possi-
ble mechanism for the formation of the hemi-
spherical PS colloids. The styrene causes half
of the particle to disintegrate and a hemi-
spherical colloid is formed.
can be seen in the optical microscope image in
Figure 4.2.10a that there seems to be a protru-
sion on the single colloid next to the dumb-
bell. When the particles are dried and im-
aged using the SEM, the droplet would show
up next to the colloid. In the SEM images of
Figure 4.2.11, it can indeed be observed that
there is either a molten grey substance around
the colloids or a black substance. The speck-
les that can be observed on the particle surface
are caused by the gold coating. Otherwise, the
surface of the particles is smooth.
Figure 4.2.13 shows microscope images of the
clusters swollen with a swelling ratio S =
8. Single particles, dumbbells and clusters
of three and four colloids are shown. All
of the clusters are clearly swollen with the
monomer, this is evident from both the light
microscopy images and the SEM images. The
clusters in this image look like they have
formed compact shapes.
However, Figure 4.2.14 shows SEM images of
trimers with two different geometries. The
trimer in Figure 4.2.14a seems to have folded
back into a compact shape, but the trimer in
Figure 4.2.14b has not folded back at all. In-
stead, this trimer is swollen but has a linear
configuration, just like the trimer observed
using optical microscopy at S = 4 in Fig-
ure 4.2.10c.
This might be because the mixture of clus-
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5 µm
(a) Overview
4 µm
(b) “Molten” particles
0.3 µm
(c) Single colloid
Figure 4.2.11: SEM images of the styrene-swollen PS clusters at S = 4.
(a) Image showing an overview of the particles. The particles have a very peculiar shape: they
all resemble hemispheres.
(b) Image showing the particles. The particles seem to be molten.
(c) A close-up of a single particle. The speckles on the surface are caused by the gold coating
that was used. The particle resembles a hemisphere.
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10 µm
(a) Dumbbells
1 µm
(b) Dumbbell and cluster of four
10 µm
(c) Trimer and cluster of four
2 µm
(d) Overview
Figure 4.2.13: Microscope images showing the styrene-swollen PS clusters at S = 8.
(a) Optical microscope image showing dumbbells and single particles in dispersion. There is
a layer between the colloids of the dumbbell.
(b) SEM image of a dumbbell and a cluster of probably four colloids. It can be clearly seen that
the clusters have swollen.
(c) Optical microscope image of a cluster of three and a cluster of four in dispersion, with a
layer between the colloids.
(d) SEM image of single colloids, a dumbbell and a trimer. It is again clear that the clusters are
swollen.
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0.5 µm
(a) Compact trimer
1 µm
(b) Linear trimer
Figure 4.2.14: SEM images of the styrene-swollen PS clusters at S = 8.
(a) A trimer with a compact shape. The speckles are caused by the gold coating.
(b) SEM image showing single colloids, a swollen dumbbell and a trimer. This trimer did not
fold back into a compact shape, but instead has a linear shape.
ters and styrene was only briefly stirred before
the polymerisation was started. The styrene
swollen Magsphere PS colloids were stirred
for 3 h and heated for 20 min, while these
cross-linked PS colloids were stirred for a few
minutes and heated for 70 min. This differ-
ence is probably what has caused the cross-
linked PS particles to not fold back into close-
packed shapes. Therefore, these swelling ex-
periments could be repeated following the
procedure that was used to swell the Mag-
sphere PS colloids with styrene (section 3.2.2).
4.3 Magsphere PS colloids
The Salting Out-Quenching-Fusing-Folding
back experiments were also performed with
1.0± 0.1 µm red-dyed polystyrene particles
provided by Magsphere Inc.
4.3.1 Salting out
As was reported by Yake et al., a 40 mL con-
tainer was used. [1] Using such a large con-
tainer, only very large aggregates, dumbbells
and trimers were formed, but no clusters of
intermediate sizes. Therefore, for the rest of
the salting out experiments, a small test tube
was used and the contents were pipetted out
into water for the quenching step.
The clusters that were formed prior to the
quenching step did stay intact after the
quenching step, in contrast to the TPM clus-
ters. A light microscope image of the salted
out Magsphere PS colloids is shown in Fig-
ure 4.3.1. The clusters formed at an ionic
strength of 1.5 M and a waiting time before
quenching Tw of 5 min were analysed and the
results are shown in Figure 4.3.2.
It can be seen that the errors are quite large,
which is caused by the low resolution of the
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10 µm
Figure 4.3.1: Light microscope image of Magsphere PS colloids, salted out at an ionic strength
of 1.5 M with a waiting time before quenching of 5 min. Clusters of up to five colloids can be
observed.
images and because of the large clusters that
were present. Due to the limited resolution
of the optical microscopy images, the exact
number of colloids in clusters larger than five
colloids could not be determined. For the
calculations, an average number of 10 col-
loids per cluster was estimated. Most clusters
contained more than five colloids per cluster.
There were also a lot of single colloids, and
smaller amounts of intermediate cluster sizes.
The Magsphere PS colloids were successfully
salted out and the clusters that were formed,
stayed intact after quenching. This indicates
that they are purely charge stabilised and that
there is no steric stabilisation that influenced
the stability of the dispersed colloids. More
experiments at lower ionic strengths and a
variety of waiting times should be used to
check whether the aggregation process can be
controlled more precisely, to form clusters of
a more narrow size range. Also, a micro-
scope should be used that can make images of
a higher resolution, like the microscope that
was used for the TPM and the cross-linked PS
colloids.
4.3.2 Swelling with toluene
The clusters that were swollen with toluene
are shown in Figure 4.3.3. It is clear that
the dumbbells were swollen, because of the
layer that was formed between the two col-
loids. Single colloids of different sizes were
observed. The diameter of the larger colloids
was determined to be 1.5× the diameter of
the original colloids using the SEM images.
This indicates that the polymer network can
expand without breaking the spherical shape
of the colloid.
The dumbbells that were formed match in
size with a cluster of two colloids that slightly
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Figure 4.3.2: Percentage of Magsphere PS colloids cluster sizes for an ionic strength of 1.5 M
and a waiting time before quenching Tw of 5 min. It can be seen that the errors are quite large,
this is because of the low resolution of the images and because of the large clusters that were
present. For the larger clusters, the exact number of colloids could not be determined. For this
calculation, an average number of 10 colloids per cluster was estimated.
49
10 µm
(a) Overview
1 µm
(b) Close-up
Figure 4.3.3: SEM images of the Magsphere PS colloidal clusters swollen with toluene.
(a) SEM image showing an overview of the different kind of particles that were observed.
Single colloids of different sizes can be seen. Either these were already present in the sample,
or some of the single colloids were swollen. Swollen dumbbells can also be observed. A layer
has been formed between the two colloids. An egg-shaped particle was also observed. This is
probably caused by the fusing of two seed colloids of different sizes.
(b) SEM image showing a single colloid and a dumbbell. The colloids were fused during the
swelling, as can be concluded from the shape of the dumbbell.
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overlap, this is because the polymer network
of the Magsphere PS colloids can loosen up
and become intertwined during the swelling
process. The egg shaped particle is very
strange, this may either have been present
in the sample before the polymerisation (the
Magsphere PS colloids contained some larger
particles) or several Magsphere PS colloids
may have fused together during the swelling
process. The egg shaped particle seen in Fig-
ure 4.3.3a matches with the size of a dumbbell
consisting of a 1 µm colloid and a 1.6 µm col-
loid. The latter may have increased in size be-
cause of the swelling with toluene.
Clusters larger than two colloids were not
observed, even though larger clusters were
present in the sample before the swelling with
toluene. This indicates that the larger clusters
fell apart during the swelling process.
4.3.3 Swelling with styrene
In Figure 4.3.4, the styrene-swollen Mag-
sphere PS colloids clusters are shown.
Swollen dumbbells and trimers were ob-
served, but no larger clusters. This indicates
that the larger clusters that were present in
the sample were broken apart during the
swelling process, which was also observed in
case toluene was used to swell the clusters.
The size of the trimer in Figure 4.3.4b matches
the size of three colloids that slightly overlap.
All trimers that we observed formed these
optimal shapes, which indicates that the
particles have folded back into these optimal
shapes because trimers of other shapes were
present in the sample before the swelling with
styrene.
4.4 Zeta potentials
The Zeta potentials that were measured are
summarized in Table 4.3. Some of the Zeta
potentials were measured in two ways: af-
ter filtering the colloidal dispersion with a fil-
ter and without filtering. It was found that
filtering of the dispersion significantly influ-
enced the Zeta potential. The values obtained
for the filtered samples are much higher than
the values obtained without filtering. Static
charging of the colloids in the filter might ex-
plain this effect. In this study, the values that
were obtained without filtering are used in
discussing the results. In all cases, the mea-
surement quality was reported to be “good”
by the “expert advice” of the software.
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5 µm
(a) Overview
1 µm
(b) A trimer
Figure 4.3.4: SEM images of Magsphere PS colloidal clusters swollen with styrene.
(a) SEM image showing an overview of the different kinds of clusters that were formed. Single
colloids can be seen, which all have the same size and are not swollen. Dumbbells were also
observed. All dumbbells were swollen, but it seems some dumbbells were swollen with more
monomer than others. The trimers that were observed had also swollen and formed compact
shapes.
(b) SEM image of a trimer that formed a compact shape. The size of the trimer matches the
size of three fused seed colloids.
Table 4.3: Table with the measured Zeta potentials of colloids used in this study. Filtering the
dispersion before measuring the Zeta potential significantly increases the Zeta potential. This
might be caused by static charging of the colloids during the filtering.
Colloid z with filter (mV) z without filter (mV)
TPM −42± 1 −60± 2
Linear PS2 (unstable) −50± 2
Linear PS3 (stable) −34± 2 −53± 1
Cross-linked PS3C1 −13± 2 −32± 2
Cross-linked PS3CTPM1 −35± 2
DPPS −40± 2
Magsphere PS −30± 2 −63± 1
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Discussion
5.1 Cross-linking linear PS
For making cross-linked PS particles that have
a low polydispersity, it is of major impor-
tance that the linear seed particles are well-
dispersed. It was observed that the cross-
linked particles were polydisperse in size
when dumbbells or trimers of seed particles
were present during the cross-linking step.
Table 4.1 shows that the three different sizes
that were observed in samples PS2C1 and
PS2C3 are due to the seed particles being sin-
gle colloids, dumbbells or trimers, since the
volume of the PS2C1 and PS2C3 cross-linked
particles is approximately one time, two times
and three times as large as the volume of the
smallest cross-linked particles found in PS2C1
or PS2C3. The cross-linked PS3C1 particles
have a low polydispersity, because the seed
particles were well-dispersed.
The cross-linked particles were both charge
and sterically stabilised. The steric stabilisa-
tion is caused by the PVA that was added as
a stabiliser for the swelling emulsion. A dif-
ferent stabiliser should be used, a good first
attempt would be SDS. The cross-linked parti-
cles will have to be washed a number of times
to get rid of the steric stabiliser.
5.2 Salting out
The results of this study show that the wait-
ing time Tw before quenching and the ionic
strength I are both very important factors to
control the size of the clusters that are formed.
The effect was most significant when the ionic
strength was varied, since this influences the
interactions in the system.
The Zeta potentials of all the particles were
measured and are shown in Table 4.3. At
the same ionic strength and waiting time, the
Magsphere PS colloids formed larger aggre-
gates than the TPM colloids. The Zeta poten-
tials of the Magsphere PS colloids is equal to
the Zeta potential of the TPM colloids. This
indicates that the TPM colloids have differ-
ent surface properties compared to the Mag-
sphere PS colloids that cause the TPM col-
loids to be also sterically stabilised. The Zeta
potential of the PS3C1 and DPPS colloids is
higher than the Zeta potential of the Mag-
sphere PS colloids. Therefore, the PS3C1 and
DPPS colloids should form larger aggregates
when salted out at the same ionic strength and
waiting time. It was observed that the Mag-
sphere PS colloids formed larger clusters, this
indicates that the PS3C1 and DPPS colloids
are also sterically stabilised in addition to be-
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ing charge stabilised. The DPPS colloids are
stabilised by PVP, the PS3C1 colloids are sta-
bilised by PVA.
5.3 Folding back
The TPM particles and the Magsphere PS col-
loids particles were observed to fold back
when swollen with monomer. Larger clusters
of TPM colloids were observed after the salt-
ing out-quenching step than after these clus-
ters were swollen with monomer. Therefore,
the clusters that were formed in the salting out
experiments have probably fallen apart dur-
ing the swelling of the TPM colloids. The clus-
ters that were observed after the swelling of
the TPM colloids were formed by the fusing
protrusions during the swelling process (see
Figure 4.1.6).
The cross-linked PS particles were success-
fully fused using styrene monomer. For S = 2,
fewer clusters that had not folded back into
compact shapes were observed than for S = 4
and S = 8. All of the clusters of Magsphere
PS colloids that were observed had folded
back into compact shapes. These clusters of
Magsphere PS colloids were stirred for 3 h af-
ter the styrene was added, while the clusters
of PS3C1 particles were only briefly stirred.
Therefore, the rearranging of the PS3C1 clus-
ters into compact shapes was not finished be-
fore the polymerisation was started. Because
the PS3C1 colloids that were swollen with S =
2 were stirred slightly longer than S = 4 and
S = 8, more clusters were folded back into
compact shapes for S = 2. Hemispheres were
formed when the PS3C1 clusters were swollen
at S = 4. A possible explanation for this un-
expected result is illustrated in Figure 4.2.12.
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Conclusion
Spherical TPM colloids with a diameter of 1.0± 0.4 µm and spherical, cross-linked PS colloids
with a diameter of 1.38± 0.03 µm were synthesised. The cross-linked PS colloids were made by
growing a cross-linked layer around the 735± 8 nm linear PS colloids that were synthesised.
The particles were aggregated with salt. It was shown that the waiting time Tw before quench-
ing and the ionic strength I are both very important factors to control the size of the clusters
that are formed. The TPM, cross-linked PS and DPPS colloids turned out to be both charge and
sterically stabilised. Commercial Magsphere PS colloids turned out to be primarily charge sta-
bilised. This was seen by comparing the size of the clusters that were formed and the Zeta
potentials of the particles. The Magsphere PS colloids formed larger aggregates than the TPM,
cross-linked PS and DPPS colloids at the same ionic strength and waiting time, even though
the Zeta potential of the TPM particles was of the same magnitude and the Zeta potential of
the cross-linked PS and DPPS colloids was smaller in magnitude.
The clusters that were formed by salting out were swollen with monomer and permanently
fused. The clusters of TPM colloids broke apart during the swelling process, new clusters were
formed by the fusing of monomer droplets that were formed on the TPM particles. The larger
aggregates that were observed had folded back into compact shapes. Most of the larger clus-
ters of cross-linked PS colloids folded back into compact shapes, however the polymerisation
was started before all clusters had rearranged. At S = 4, hemispherical particles were formed
because half of the particle was dissolved in the monomer phase. All of the clusters of Mag-
sphere PS colloids that were observed had folded back into compact shapes that minimise the
second moment of the mass distribution.
Close-packed colloidal clusters, R.W. Verweij – July 2, 2014 - 11:07
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Outlook
In this study it is shown that protrusions
can be formed on TPM colloids by swelling
them with TPM monomer. Kraft et al. used
protrusions to make colloidal molecules of
PS and PMMA spheres with well-controlled
shape and tunable patchiness by controlling
the amount and the nature of the swelling
monomer. [11] It is therefore likely that this
technique can also be used to form colloidal
molecules of TPM spheres.
From the results shown here, it seems that the
Salting out-quenching method is most suc-
cessful when solely charge stabilised colloids
are used. To form cross-linked PS particles
that are only charge stabilised, the procedure
used in this study could be adapted by replac-
ing PVA by SDS or another suitable surfactant
to stabilise the emulsion droplets. Addition-
ally, a different initiator could be used to in-
duce additional charges at the surface of the
particles. With these particles, the effect of sta-
bilisation and surface charge on the stability
of a salted out dispersion can be studied.
The linear PS particles were also cross-linked
using a combination of styrene and TPM. Be-
cause protrusions were formed in all four
of these cross-link experiments, it is unclear
whether the TPM was incorporated into the
particle. To check if this is the case, the TPM
that is used could be mixed with a fluorescent
dye. This fluorescent dye must be carefully
chosen so it does not influence the interactions
during the cross-linking step.
The polydispersity that was observed in the
cross-linked PS particles caused by the clus-
tering of the seed particles could be used
to make anisotropic patchy particles. When
two types of cross-linked seed particles are
aggregated in a controlled way and used as
seed particles for a second cross-linking step,
patchy particles are formed if one of the parti-
cles is not engulfed in the monomer mixture.
The hemispherical particles formed when
swelling the cross-linked PS particles with
S = 4 could also be used to make patchy par-
ticles. By adding a different monomer, protru-
sions might form on the flat end of the hemi-
spherical particles. Patchy particles of differ-
ent sizes could be made using this method, by
allowing the protrusions on the hemispherical
colloids to fuse with a protrusion on another
hemispherical colloid, forming a larger clus-
ter.
Additionally, the particles that were swollen
with the same monomer that was used to
polymerise the particle in this study could be
swollen with a different monomer to induce
patchiness.
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